Magnesium borohydride (Mg(BH 4 ) 2 ) shows interesting properties both from fundamental and applicative points of view. Mg(BH 4 ) 2 has the most complex crystal structures and the largest number of phase polymorphs among other borohydrides. Some of these polymorphs possess a significant porosity, and on the other hand ultra-density with the second highest volumetric hydrogen content among all known hydrides. Additionally, Mg(BH 4 ) 2 demonstrates the lowest theoretical stability, the lowest temperature of hydrogen release, and the mildest conditions for partial rehydrogenation among the alkali and alkaline-earth borohydrides. Mg(BH 4 ) 2 could also be of interest in batteries applications, since Mg metal holds better volumetric capacity and is more abundant than Li. In this work we review recent results on synthesis, structure, hydrogen storage properties and battery-related applications of Mg(BH 4 ) 2 .
Introduction
Present-day increasing energy demands, global environmental and political issues require at least partial substitution of fossil fuels with the energy coming from renewable sources. For transportation and on-demand usage wind or solar energy must be stored, and preferably in high-energy density media. A commercial whole hydrogen storage proton exchange membrane fuel cell (PEMFC) system and Li-batteries have comparable energy densities suitable for efficient electrochemical energy storage [1] .
The extremely low density of H 2 gas at normal conditions is one of the main obstacles on the way for efficient energy storage in hydrogen media. The present commercial high energy-density solutions, such as liquid and pressurized hydrogen tanks, are associated with energy losses, expensive storage tanks, systems, and safety risks. Therefore alternatives, and in particular storage of chemically bonded hydrogen in metal hydrides, have been widely explored [2e8] and commercialized [1, 9, 10] . A hydrogen storage system must fulfill a wide range of requirements; the most important being high hydrogen content, fast kinetics of hydrogen desorption and absorption at low operating temperature (T) and pressure (p), and high purity of released hydrogen [11] . Metal borohydrides (MBHs) are complex hydrides containing hydrogen-rich molecular BH 4 À anions counterbalanced by metal cations. The gravimetric and volumetric hydrogen densities in these compounds are suitable even for the demanding on-board hydrogen storage applications (e.g, 18.5 wt% and 121 kg m À3 H 2 in LiBH 4 [12, 13] ). Alkali or alkaline-earth MBHs are stable ionic compounds, most of them decomposing above 300 C with release of mainly H 2 [14] . Among the Group I and II MBHs, magnesium borohydride (Mg(BH 4 ) 2 ) displays very interesting properties both from fundamental and applicative points of view. It has the largest number of polymorphs with the complex structures comprising several hundred atoms in the unit cells. Some of these polymorphs possess unique for metal hydrides porosity and high specific surface area (SSA) [15, 16] , and others are ultra-dense with one of the highest volumetric hydrogen densities (147-145 g H 2 /L at ambient conditions) among all known metal hydrides [15, 17] . In addition, Mg(BH 4 ) 2 has one of the highest gravimetric hydrogen densities (14.5 wt% exceeded by only LiBH 4 and Be(BH 4 ) 2 ) and theoretically predicted hydrogen release at rather mild conditions [18, 19] . It has also the lowest decomposition temperature (T dec ), and the mildest conditions for partial rehydrogenation demonstrated experimentally. In addition, Mg(BH 4 ) 2 could be of interest in batteries applications, since Mg metal holds better volumetric capacity (3833 mAh cm À3 compared to 2036 mAh cm À3 of Li) and is more abundant [20] . Despite of all these interesting properties, a review publication on Mg(BH 4 ) 2 has not appeared yet. The published results can be found in more than hundred articles. Thus this work reviews the recent (after 2006) findings on crystal structure, properties and applications of Mg(BH 4 ) 2 .
The early studies on Mg(BH 4 ) 2 describe synthesis, structure and chemical properties of the compound, its adducts and solvates [21e28] . However, the interest in Mg(BH 4 ) 2 research renewed in early 2000's, when the compound was proposed for hydrogen storage [29e32] . During the last decade more than a hundred studies on Mg(BH 4 ) 2 have been published, compared to some twenty works for the preceding half a century. In 2011 a newly discovered cubic phase of Mg(BH 4 ) 2 was the first example of a high surface area complex hydride with a porous structure suitable for gas adsorption [15] .
Here we focus mainly on experimental results although theoretical assessments are included when relevant. The review is organized as follows. Firstly we summarize briefly the synthetic approaches to obtain different polymorphs of Mg(BH 4 ) 2 , the details are found elsewhere [30,33e35] . The structures and the vibrational properties of BH 4 À in these polymorphs are compared. The vibrational spectra characterize the local environment of the anions which is related to the stability of BH 4 À and consequently Mg(BH 4 ) 2 . The infrared (IR) spectra of several polymorphs, obtained in our laboratory at identical conditions, are presented. The following part addresses the hydrogen storage properties of Mg(BH 4 ) 2 . We summarize the studies on the decomposition pathway of Mg(BH 4 ) 2 and point out discrepancies that are found in the literature. The thermodynamics of H 2 release is also reviewed, and we present our data on the activation energy (E a ) of decomposition of the novel porous g-Mg(BH 4 ) 2 . The possibility of improving the H 2 release and absorption in Mg(BH 4 ) 2 with additives is considered. Finally the interest in magnesium borohydride for batteries applications is reviewed.
i the synthesis are diethyl ether or hexane, although toluene and heptane were also successfully used [33] . Notably, the removal of the solvent at elevated temperatures, >100 C, is a crucial step for obtaining crystalline material with the desired structure [30, 34, 37] . This step is even more critical when the solvent needs to be removed from the pores of g-Mg(BH 4 ) 2 [41] . [42, 43] . Notably, a mechanochemical reaction of 2NaBH 4 þMgCl 2 allegedly lead to the formation of dual cation (Na,Mg)BH 4 [44] .
Solvent-free chemistry
Reactive mechanochemical synthesis from the elements with and without subsequent hydrogenation. Some of the phases can be synthetized by solvent-based methods as described in the Section Synthesis, whereas others have been observed upon phase-transitions (see Table  2 ). For instance, a-Mg(BH 4 ) 2 transforms to the orthorhombic bphase (Fddd) upon heating [30, 32, 37, 38] . Therefore, those phases are also referred to as the low-temperature (LT) and high-temperature (HT) phase, respectively. The porous gMg(BH 4 ) 2 undergoes thermally-induced phase transitions to ε [54, 57, 58] and, subsequently, to b 0 -Mg(BH 4 ) 2 (allegedly a disordered phase of b [54, 57] ). The ε-to-a phase transition upon cooling of ε-Mg(BH 4 ) 2 has been also reported [57, 59] , however, this is not always observed. For example, Fig. 1c shows the powder X-ray diffraction (PXD) pattern of (εþb 0 )-Mg(BH 4 ) 2 mixture measured several hours after being cooled down to room temperature (RT). The structures for the ε-and Final phase
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Ref. [39,47,60e62] . The high-density dMg(BH 4 ) 2 polymorph can be obtained upon compression of the a and g-phases [15, 55] . This high pressure phase is much simpler than the a and g-polymorphs (Table 1) . It is preserved after pressure release but upon heating to 100 C, it transforms to a either g starting phase [15] . Some intermediate phases were also observed upon compression of the a-, and g-polymorphs [15] . Besides the crystalline phases, amorphous Mg(BH 4 ) 2 can be obtained via solvent-free synthesis methods (see Section Solvent-free chemistry), mechanical milling of crystalline phases [15, 31, 63] , and pressure collapse of the porous g-Mg(BH 4 ) 2 [17] .
Porous frameworks. [15] , respectively. However, the authors of ref. [64] noted that the non-equilibrium measurements conditions used in their work could have been responsible for the low obtained value of SSA. Despite these discrepancies, it was shown that the open porous structure of g-Mg(BH 4 ) 2 can adsorb small molecules [15, 64, 65] and significantly enhances the D-H isotopic exchange rates [66] . Due to the elevated rates of D-H isotopic exchange, the metastable intermediate ε-Mg(BH 4 ) 2 was also suggested to possess an intrinsic porosity [66] . Finally, the recently described z-Mg(BH 4 ) 2 , too, was reported to have an open porous structure [16] . This unique combination of hydride properties and high surface area opens up new possible applications where surface effects are important.
Theoretical structures
Numerous theoretically predicted structures of Mg(BH 4 ) 2 have been published [18,19,29,67e75] , showing an "outstanding discrepancy between experiment and theory" [72] . For example, first-principle studies found that the high-pressure structures P-4, I4 1 /acd [73] , I4 1 /amd [74] , Fddd [75] are more favorable than the experimentally determined P4 2 nm phase of the ultra-dense d-Mg(BH 4 ) 2 [15] . Similarly, several alternative structures have been proposed for the ground-state LTMg(BH 4 ) 2 [18,19,29,67,69e71 ] with only few results agreeing with the experimental P6 1 22. An important consequence of these discrepancies can be an erroneous assessment of the thermodynamic parameters which can affect the evaluation of the hydrogen storage properties of Mg(BH 4 ) 2 . It was suggested [72, 76] that the small size of the Mg cation and the i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 1 ( 2 0 1 6 ) 1 4 3 8 7 e1 4 4 0 3 consequent close proximity of BH 4 À lead to increased repulsive interactions and to a situation where the orientation of the anions plays an important role. This results in a variety of equivalent crystalline symmetries that are degenerate in energy, similarly to oxides such as silica [76] . The authors in Ref. [76] noted the possibility of formation of 3D networks with large cavities before the porous g-Mg(BH 4 ) 2 was discovered and in fact some of the predicted structures are also highly porous, as noted in Ref. [15] . The authors of ref. [15] have also argued that the essential reason for rich polymorphism in Mg(BH 4 ) 2 is a partial covalent bonding between Mg 2þ and BH 4 e . Bil et al. [72] have demonstrated that the long-range dispersive interactions in g-Mg(BH 4 ) 2 are non-negligible. Taking into account these effects, they showed that the experimental aMg(BH 4 ) 2 with space group P6 1 22 is favored over a large set of polymorphs. However, among their 36 calculated structures, no porous g-Mg(BH 4 ) 2 (not known yet at the time of their publication) was reported, although the b-Mg(BH 4 ) 2 was predicted. More accurate DFT calculations have helped in the correct identification of a-Mg(BH 4 ) 2 structure [67] , which was first reported as P6 1 [36, 37] and later revised into P6 1 22 [38] in agreement with the DFT study [67] . It can be concluded then that because of the complex structures of the Mg(BH 4 ) 2 polymorphs, accurate theoretical calculations are challenging and require high precision of the simulation method accounting for the dispersive interactions and including the long-range effects. At the same time, also dynamic effects may be responsible for the significant discrepancy between theoretical and experimental structures.
Local structure of BH 4 À anions
The local structure of BH 4 can be related to the stability of the compounds and can be characterized with vibrational spectroscopy studies. Free molecular BH 4 ions have high tetrahedral (T d ) symmetry and four normal modes of vibrations: symmetric stretching and bending, n 1 (A 1 , Raman-active (R)) and n 2 (E, R); asymmetric stretching and bending, n 3 (F 2 , IRactive (IR), R) and n 4 (F 2 , IR, R), respectively. The E mode is doubly degenerate, while the F mode is triply degenerate. In solids the inactive modes can activate and the degenerate modes can split due to various solid-state effects. IR and Raman spectra of various borohydrides have proven to be characteristic of the compound since they are sensitive to the site symmetry, crystal field and cation effects, Fermi resonances, and the 10 B isotopic effect [77e82]. As described above most of Mg(BH 4 ) 2 polymorphs have complex structures with hundreds of atoms in the unit cell and boron on several nonequivalent symmetry sites. The site symmetries of BH 4 are low, which is expected to cause the splitting of all the degenerate modes, and thus giving rise to nine modes of vibrations per BH 4 [83] . Calculated Raman spectra of the P6 1 22 phase [67] reflect this complexity. Taking into account also the Fermi resonances and isotopic effects, one would expect several tens of peaks in the IR and Raman spectra of Mg(BH 4 ) 2 . However, the experimental RT IR spectra of various polymorphs of Mg(BH 4 ) 2 are remarkably simple and similar to each other ( Fig. 1 and Table 4 ). Fig. 1 shows as an example the IR spectra of as synthesized a-and g-Mg(BH 4 ) 2 and the εþb 0 -, b 0 -, modifications obtained from g-Mg(BH 4 ) 2 .
The spectrum of a-phase is characterized mainly by stretching at 2277 ± 4 cm À1 (n 3 ), and bending at 1258 ± 2 and 1117 ± 9 cm À1 (n 4 ) ( Table 4 ). The latter weaker peak is broader and seems to be composed by at least two components (at 1124 and 1110 cm À1 ). Splitting in the n 3 mode and more peaks in the bending region have been reported [30, 38] , which might be due to the measurement method in KBr pellets and impurities, respectively. These data are not taken into account when calculating the mean values for the peak positions presented in Table 4 . The IR spectra of g-and ε-Mg(BH 4 ) 2 are very similar to those of the a-phase ( Fig. 1 and Table 4 ) whereas those of b 0 are slightly red-shifted. More differences in peak shapes and positions can be drawn from the Raman spectra (see Table 4 for references) and the low-temperature measurements. The measurements of single crystal aMg(BH 2 ) 2 [84] and polycrystalline a-and b-phases at cryogenic T [85] demonstrated considerable splitting of the peaks and differences between the vibrations of the two phases. Raman spectra of crystalline polymorphs show more intense and narrow peaks with respect to the amorphous phase [17, 38, 63] . The BeH stretching and bending regions are very similar in all polymorphs, as well as the geometries and local environment of BH 4 (Table 3 ). This can also suggest the comparable stability of the BeH bonds in the polymorphs.
Raman spectroscopy in combination with PXD was applied in order to study the pressure-induced transformations in LT-, HT-Mg(BH 4 ) 2 and the high pressure polymorph [55] . It was shown that upon compression both LT-and HT-Mg(BH 4 ) 2 undergo similar transformations with significant shift and splitting of the peaks in the spectra. These modifications were assigned to the phase transitions. The Raman spectra of the high-pressure phase appeared to be more complex than of the low-pressure phases, indicating a distortion in the local geometry of the BH 4 ions.
The lattice modes have been studied by inelastic neutron scattering (INS) [85, 86] , Raman and Far IR (FIR) spectroscopies. The FIR and Raman data are summarized in Table 4 . The reorientational motions of BH 4 in the a, b, g-, and amorphous (pressure-collapsed g-) polymorphs were studied by mean g R 2319 ± 3 1403.5 ± 0.7 IR 2270 ± 2 1120 ± 10 n/i e not indicated; * peaks appearing as doublets are marked with "-"; y assignment by the authors, yy possibly impurities; sh e shoulder; br e broad, w e weak; ** contains small amount of g-phase,
NMR [17,88e91] . It was shown that the parameters of reorientational motion in all phases strongly differ from each other, and each of the phases is characterized by distinct distribution of activation energies for the BH 4 reorientations. For the a-phase, three values of the activation energy were measured corresponding to three coexisting reorientational processes [89] . In other phases only one type of reorientational motion has been detected [17, 90] . The fastest reorientational motion was observed for b-Mg(BH 4 ) 2 which was related to slightly longer H/H distances in the MgH 8 polyhedra of the b-phase [90] .
Hydrogen desorption and absorption in Mg(BH 4 ) 2
The renewed interest in Mg(BH 4 ) 2 was fueled primarily by its potentially attractive hydrogen storage properties. The theoretical gravimetric hydrogen capacity, 14.9 wt%, is slightly lower than for LiBH 4 (18.5 wt%) [12] , but still higher than the targets for on-board hydrogen storage [92] . 
À1
, and thus giving hope for an ideal hydrogen storage material. However, the preceding and subsequent experimental studies [95e98] had been persistently demonstrating decomposition above 200 C via at least a two-step pathway. Those results prompted reconsidering the theoretical findings in view of the kinetic barriers and/or intermediate decomposition phases unaccounted for in the calculations [99] , and encouraged search for the alternative decomposition reaction pathways both in theory and experiment. The actual hydrogen storage properties of Mg(BH 4 ) 2 are defined by the experimental reaction pathway, the details of which are still debated. The following section summarizes the status on the decomposition reaction of Mg(BH 4 ) 2 . We will also describe the progress in the reversibility of the hydrogen release reaction and the effect of additives on the decomposition and rehydrogenation of Mg(BH 4 ) 2 .
Decomposition pathway
The [29] , and for a-Mg(BH 4 ) 2 in the a/b phase transition T range [94] . For the porous g-Mg(BH 4 ) 2 the weight loss has been observed at significantly lower temperatures, i.e. close to 100 C [54, 58, 62] . In the data obtained in this work, a significant desorption starts at <150 C, see Fig. 2a . Chong et al.
[100] reported 2.5 wt % desorption for the sample decomposed at~200 C with very slow kinetics. However, recently Vitillo et al. argued that H 2 release from g-Mg(BH 4 ) 2 does not begin until 200 C, and that the weight loss observed below these temperatures should be associated with desorption of 
Ex-situ PXD, FTIR, UVeVis, DFT [59] a Starting phase at RT (the phase transitions are not shown); TPD e temperature-programmed desorption, SS-NMR e solid-state NMR; MAS-NMR e magic angle spinning NMR (≡SS-NMR); amorphous phases -Mg n B x H y either B x H y compounds; UVeVis e ultravioletevisible spectroscopy, FTIR e Fourier transformed infrared spectroscopy, MS e mass spectrometry, QMS e quadruple mass spectrometry, TPD e temperature-programmed desorption, DSC e differential scanning calorimetry, TG e termogravimetric methods.
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impurities from the pores of g-Mg(BH 4 ) 2 and/or sublimation of the sample for measurements in dynamic vacuum [59] . This conclusion is in agreement with the study [41] where the weight loss of as-received g-Mg(BH 4 ) 2 and the sample treated with supercritical N 2 below 300 C was compared. Such treatment was shown to clean the pores of the sample and reduce the weight loss below 200 C (although it was still nonzero after cleaning). On the other hand, according to [59] reported in this work (inset of Fig. 1b) . These samples were obtained by heating g-Mg(BH 4 ) 2 up to 175 and 212 C (without any isothermal step) with the corresponding weight loss shown in Fig. 2a . Thus, it appears that some decomposition has already occurred together with the formation of the ε-Mg(BH 4 ) 2 below 175 C. Therefore decomposition of gMg(BH 4 ) 2 below 200 C cannot be ruled out.
The overall decomposition reaction of Mg(BH 4 ) 2 can be described by simple pathways (Reactions 1e3 in Table 5 ). In early studies [32, 94] it was shown by in-situ PXD that Mg was formed in small quantities together with MgH 2 . Thus, Mg was not solely the decomposition product of MgH 2 . Shortly later, it became obvious that the decomposition reaction follows a complex pathway with 5e6 steps and the formation of intermediate amorphous phases alongside with the crystalline reaction products (Table 5 ). The DSC data reported in Fig. 2a demonstrate at least four endothermic events in the 250e450 C region. The ex-situ and in-situ PXD analyses, typically used to follow the reactions in complex hydrides [101e103], have been indicating amorphous intermediates in the~280e320 C region (step I on Fig. 2a Table 5 ). Yan et al. [105] Table 5 ) envisage the simultaneous formation of MgH 2 . However, crystalline MgH 2 has been found to form at higher temperatures (most probably step II in Fig. 2a) . While some authors [59, 98] suggested the formation of amorphous MgH 2 , Paskevicius et al. [57] noted that "no such phase has ever been observed previously for MgH 2 ".
Understanding the nature of amorphous intermediates is crucial in order to achieve reversibility of hydrogen desorption. The stable compounds such as MgB 12 H 12 would lead to challenges with respect to reversibility in view of the high stability of the closed B 12 -cage. On the other hand, the amorphous phases formed below 300 C have proven to be partially reversible in much milder conditions than those described in Section Solvent-free chemistry [60e62, 98, 100, 106, 107] . Cycling of about 2 wt% of H 2 for three cycles was also recently demonstrated [62] . The desorption reaction was carried out at 0.3 MPa H 2 and 285 C and yielded an amorphous phase, and the absorption reaction was possible at 12 MPa H 2 . The PXD analysis of the partially decomposed Mg(BH 4 ) 2 did not show any crystalline MgH 2 . Identifying the amorphous intermediates is still ongoing. This is crucial for improving hydrogen desorption and absorption in Mg(BH 4 ) 2 .
Many experimental reports have shown that amorphous intermediates exist in each decomposition step until at least 450 C [54, 57, 59, 105] . Thus each step can comprise several competing reactions which can be affected by the reaction conditions and/or the sample history. For example, Hanada et al. noted that the decomposition pathway in H 2 was more spread out in temperature compared to the decomposition in He, and an additional desorption step appeared in the data with H 2 [94] . Kinetic modeling of intermediate decomposition reaction has indicated a complex pathway with possibly several competing reactions [61, 62] . Formation of MgB 2 already after decomposition at 300 C was observed for the sample synthetized via reactive ball-milling (pathway 16 in Table 5 ); although in the majority of the studies MgB 2 was found after the last decomposition step above 450 C. These findings suggest that the experimental conditions and sample history can also influence the reaction pathways.
Kinetics and thermodynamics of decomposition reactions Fig. 2b reports the E a of each decomposition step (IeIV) for gMg(BH 4 ) 2 , obtained in this work. These values were obtained by applying Kissinger method to the DSC measurements at different heating rates [110] . The first step in our data has the highest kinetic barrier (E a ¼ 244 ± 17 kJ mol
À1
), the other [113] ). It is worth noting that high kinetic barriers were suggest as the reason for the high T dec of Mg(BH 4 ) 2 despite of the favorable thermodynamics predicted by the DFT [99] . An overview of thermodynamic data relevant for hydrogen storage properties of Mg(BH 4 ) 2 was recently published by Pinatel et al. [114] , who also noted the inconsistency in the literature data. The authors have determined the relative stabilities of the a-, b-, and g-polymorphs, calculated stable and metastable phase diagrams, and studied different dehydrogenation pathways of Mg(BH 4 ) 2 . For the enthalpy of formation of Mg(BH 4 ) 2 , the following reactions were considered:
For reaction (1) the experimental value of~170 kJ mol À1 , obtained via DSC method at 1 bar H 2 , was reported [95] . The theoretical calculations resulted in 204 [19] and 277 kJ mol À1 [71] . For reaction (2), 152 kJ mol À1 has been calculated [19] . The enthalpy of the reaction [31,39,60,62,125e128] . This effect has mostly been investigated during the first hydrogen desorption, and only few of the studies have explored the effect of the additives on the rehydrogenation. Bardaji et al. [126] [129] . Similarly, Co-based additives were found to enhance the decomposition kinetics and hamper rehydrogenation kinetics of g-Mg(BH 4 ) 2 in the first cycle and thus stabilizing the decomposition products [62] . These effects were shown to diminish upon 3 cycles. The lowering of T dec by using additives appears to be related to chemical reactions between the additive and Mg(BH 4 ) 2 . In spite of their stability, even TM-borides were shown to lose the long-range order when heated together with Mg(BH 4 ) 2 [60, 62] . CoCl 2 added to LiBH 4 þ Mg(BH 4 ) 2 composite reacted to form LiMgCl 3 [127] . TiCl 3 in Mg(BH 4 ) 2 converted to Ti x Mg 1À3x/2 (BH 4 ) 2 (x ¼ 0e0.67) after ball-milling, and subsequently to TiB 2 during the first dehydrogenation step (100e150 C) [130] . Ti 4þ in TiO 2 was reduced to lower oxidation state at the temperature around the main dehydrogenation peak of Mg(BH 4 ) 2 (350 C). Ni-and Co-based additives in gMg(BH 4 ) 2 formed new compounds with amorphous boridelike structure during Mg(BH 4 ) 2 decomposition [60, 62] . These in-situ formed compounds were suggested to be responsible for the improved hydrogen kinetics. However, in a recent study [62] these effects were found to diminish with cycling. The combined in-situ X-ray and Raman study showed that the added CoF 2 and CoCl 2 affected the phase-transition T in gMg(BH 4 ) 2 and reacted with the borohydride matrix forming metal clusters rather than CoB x species upon reduction. In case of CoCl 2 additive, TEM observations suggested that some of the Co was incorporated into the hydride surfaces already after ball-milling [58] . In summary, the effects of the additives in borohydrides could be attributed to chemical reactions between the two and possibly to the ball-milling process used to disperse the additives. In fact, mere mechanical milling of Mg(BH 4 ) 2 was shown to significantly improve the kinetics of H 2 desorption and absorption in g-Mg(BH 4 ) 2 [58] . On the other hand, it has also been found that ball-milling did not have any noteworthy effect on the decomposition of b-Mg(BH 4 ) 2 [31] .
Other approaches for destabilization of Mg(BH 4 
composites (RHCs) [133,141e149] . The first approach aims at profiting from the modification of thermodynamics and kinetics because of surface effects [134] , whereas RHCs aims at modifying the thermodynamics properties by reducing the overall DH of the reaction. Several groups have attempted to confine or directly synthetize Mg(BH 4 ) 2 in high SSA porous matrix such as pre-treated nanoporous and mesoporous carbon [96, 131, 135, 136] , carbon aerogel [137, 141] , milled graphite [138] , active carbon fibers [139] , or porous silica [139] , etc. The most promising achievements showed a nearly two-fold decrease in the E a of the first decomposition step [96] 2 and other borohydrides, was observed for composites where several destabilization approaches were combined, for example, using TM-additives and dispersion in highly porous media [131, 132] or combination of TM-additives with electron-rich compound, such as metal hydrides or nitrogen-containing hydrides [133] .
Mg(BH 4 ) 2 for applications in batteries
Development of batteries with improved energy density and cost per energy compared to the existing commercially available Li-ion batteries is envisaged to decrease cost and increase range of electric vehicles [20] . Post-lithium-ion battery technologies were suggested as a promising pathway to achieve these goals [20, 150, 151] . Since the discovery of the lithium fastionic conductivity in LiBH 4 [152] , borohydrides have been the subject of thorough studies for electrochemical energy storage systems, including all solid-state batteries [153e156] . As soon as the feasibility of a secondary magnesium battery was demonstrated [157] , the interest in developing Mg-based ionic transporters has increased significantly. Mg holds better volumetric capacity than Li metal (3833 mAh cm À3 compared to 2036 mAh cm
À3
), has similarly high negative reduction potential (À2.4 V), do not appear to suffer from the dendrite formation to the same degree as lithium [158, 159] , is more stable towards air and more abundant. In fact, most of the research efforts on rechargeable multivalent batteries have focused on the non-aqueous magnesium electrochemistry [20] .
In the batteries research, Mg(BH 4 ) 2 has been mainly considered as a liquid electrolyte for Mg-batteries [20, 160e165] [161, 166] . The electrochemical performance of Mg(BH 4 ) 2 in DME was better than in THF, and the deposited magnesium was not contaminated by boron. The addition of LiBH 4 was shown to increase the current densities by several orders of magnitude and the coulombic efficiencies up to 94%. Using cyclic voltammetry, the reversibility of Mg deposition/dissociation was demonstrated using Mg(BH 4 ) 2 in different organic solvents (THF, DME, tetraglyme, diglyme) [162] . A complete secondary magnesium battery has been proposed, in which Mg(BH 4 ) 2 and TiO 2 were used as liquid electrolyte (0.5 M Mg(BH 4 ) 2 /1.5 M LiBH 4 in tetraglyme solvent) and as cathode [163] , respectively. The authors demonstrated that the charge/ discharge capacity of the battery had been fairly preserved at the value of~140 mAh g À1 after 80 cycles. Chang et al. [164] studied electrochemical deposition of Mg using the electrolyte 0.1 M Mg(BH 4 ) 2 /1.5 M LiBH 4 in diglyme solution and Pt ultramicroelectrode. The presence of Li ions was shown to lead to the co-deposition of MgeLi solid solution in which the composition depended on the potential and mass transfer.
The exceptional performance suitable for batteries was attributed to the co-intercalation of Li and Mg ions [164] . The reversible cycling of Mg(BH 4 ) 2 amorphous phase in a Li halfcell was reported with poor reversible capacity [165] . However, the authors did not provide experimental evidence on the assumed theoretical reaction pathways during charge and discharge. Unfortunately, the oxidative stability of Mg(BH 4 ) 2 has been reported similar to that of Grignard solutions [20] . One of the main reasons to utilize borohydrides in batteries was the interesting solid-state conductivity of more than 1 Â 10 À3 S/cm over 117 C reported for solid LiBH 4 [152] . Solidstate electrolytes would have decreased the rate of parasitic reactions at the electrolyte/electrode interface improving durability and safety. The ionic conductivity of Mg in the HTMg(BH 4 ) 2 phase was studied by first-principles molecular dynamics (FPMD) [156] . 
